The role of the vagus in the control of coronary blood flow was studied in chloralose-anesthetized dogs with open chests. Propranolol, 1.0 mg/kg iv, was used for beta-receptor blockade. Heart rate was maintained at a constant level with atrial and ventricular pacing. Left circumflex coronary artery blood flow was measured with an electromagnetic flowmeter. The experimental design accounted for the four major determinants of coronary blood flow: (1) aortic pressure, (2) myocardial systolic compression, (3) alterations in myocardial oxygen tension and metabolism secondary to changes in contractile force, (4) neural control. Efferent stimulation of the cut cervical vagi (30 Hz, 2 msec, 8-10 v) resulted in decreased aortic blood pressure and increased coronary blood flow. Late diastolic coronary artery resistance fell to 58% of the control value after 5 seconds of vagal stimulation. Atropine, 0.5 mg/kg iv, blocked these effects. It is concluded that direct parasympathetic coronary vasodilation results from vagal stimulation, which is independent of vagal chronotropic and inotropic effects.
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• Vagal innervation of the coronary vessels has been demonstrated anatomically (1) . The effects of vagal stimulation on the coronary circulation have been studied since 1858 (2) , yet the direct effect of the parasympathetic innervation on the coronary vessels has remained unclear. The reason for this is the multiplicity of factors determining coronary blood flow. These include aortic pressure, heart rate, myocardial oxygen tension, and myocardial systolic squeeze on the coronary vessels.
In the present study, an experimental design was used which accounts for the known determinants of coronary blood flow in examining the effects of vagal stimulation. The findings demonstrate that vagal stimulation results in direct parasympathetic coronary vasodilation.
Methods PREPARATION
Dogs weighing 20.9 to 29.5 kg were anesthetized with alpha-chloralose, 100 mg/kg iv, with supplements as needed. The heart was approached through a left thoracotomy in the fifth intercostal space. Estimated blood loss (50 ml to 150 ml) was replaced with 6% dextran (75,000 510 FEIGL molecular weight) in saline. The aorta and other major vessels were avoided to prevent damage to cardiac innervation. The lungs were ventilated with a variable-phase positive-pressure respiration pump (Harvard 607-D) at a rate of 15 breaths/min. Inspiration was set to be half the duration of expiration. Atelectasis was prevented by maintaining an expiratory pressure of 5 cm H 2 O with a trap and occasionally subjecting the lungs to a double inflation by occluding the expiratory tube for one cycle. Tidal volume was selected with the aid of the respiratory nomogram published by Kleinman and Radford (3) .
Coronary blood flow was measured in the circumflex artery using a 400-cps sine wave, phase-sensitive demodulator, electromagnetic flowmeter (Statham K 4000). A noncannulating Helmholtz coil transducer was used. Zero flow baseline was determined by repeated occlusions with a cotton snare distal to the flow transducer. The flow transducer was calibrated with normal saline. Blood pressure was measured in the ascending aorta with a polyethylene catheter (PE260, 1.8 mm i.d., 75 cm long) inserted in the femoral artery and a strain gauge pressure transducer (Statham P 23 Dd).
Phasic and mean coronary flow and phasic and mean aortic pressure were continuously recorded. Mean blood pressure and flow were continuously computed with a small analog computer (Philbrick) with two integrating circuits having time constants of 2.0 seconds. The pressure and flow integrators were matched to have the same time constants within 1% so that relative phase lags would not contribute to calculated resistances. Heart rate was continuously recorded using a cardiotachometer (4) . Recording was on an oscillograph (Brush 1707) run at a paper speed of 50 mm/sec.
EXPERIMENTAL DESIGN
The right and left stellate ganglia as well as the left sympathetic chain T x -T 4 were removed to prevent reflex sympathetic effects. Propranolol 1 , 1 mg/kg iv, was given to prevent chronotropic and inotropic sympathetic effects, which can be elicited by stimulating the vagosympathetic trunk (5, 6) .
The heart was paced throughout the experiments with electrodes sewn to the right atrium and ventricle. Pacing was with rectangular pulses of 4 to 6 volts and 2 msec in duration. Heart rate was adjusted to just exceed sinus rate and varied between 140 to 168 beats/min in different dogs. The average heart rate for the nine dogs was 152 beats/min. Atrial-ventricular delay was adjusted iGenerously provided as Inderal by Ayerst Laboratories.
for the most consistent pacing and varied between 40 and 85 msec.
Vagal Stimulation.-Both vagi were cut in the neck, and the distal ends of both were stimulated in parallel with two pairs of electrodes, using rectangular pulses 30 Hz, 2 msec, 8 to 10 volts and a stimulus isolation unit. The stimulation period was 20 seconds. When longer stimulation periods were tried, arrhythmias often broke through the pacing, frequently just following stimulation. Vagal stimulations were repeated after 5 minutes so that each dog contributed two stimulations to the study.
Atropine.-Following vagal stimulation, atropine, 0.5 mg/kg iv, was given to eight dogs and 0.1 mg/kg iv to one dog. Five minutes after atropine administration the first of two vagal stimulations was done exactly as before.
DATA ANALYSIS
About two thirds of the experiments passed the following criteria for an acceptable experiment: (1) Coronary artery occlusive zero flows were checked at the beginning and end of each stimulation. If the zero drifted more than 2% of full scale at any time, the flow measurement was considered unreliable, and the run was discarded.
(2) Because coronary blood flow is dependent on heart rate, only experiments in which cardiac pacing was complete were analyzed. (3) Recordings of acute coronary flow always contained some noise from the ECG and cardiac motion. Therefore, experiments with inadequate signal-tonoise ratio for reading of late diastolic flow were rejected.
Analog records were read every 5 seconds before and during the vagal stimulation and at 10-second intervals following stimulation. Exactly at each time point, the mean coronary flow, mean aortic pressure, and cardiotachometer records were read. A straight line was drawn through the diastolic portion of the pulsatile flow record for the two beats on each side of the time point. Using this line, simultaneous flow and pressure measurements were made in late diastole for each of the four beats. The four pressure and four flow measurements were averaged for calculation of late diastolic resistance. This averaging increased the signal-to-noise ratio of the data and decreased the likelihood that random variability would become significant. Mean coronary resistance was calculated by dividing mean pressure (mm Hg) by mean flow (ml/min). Right atrial pressure was not measured and aortic pressure was taken as the perfusion pressure. Vagal stimulation decreases myocardial force, which will tend to increase atrial pressure, and thus decrease perfusion pressure. This would make the effects of vagal stimulation on coronary resistance slightly greater than those reported. Late diastolic resistance was calculated in the same way, using late diastolic values.
The control value for a run was taken to be the average of the values 15 seconds, 10 seconds and 5 seconds before vagal stimulation. The percent of control was calculated for each time point in each stimulation. The percents were not calculated from the averaged raw values shown in the tables, since this calculation would not use each dog as its own control. The response for an animal was the average value from the two replicate stimulations. The average of these responses for all nine dogs is shown in the tables. The standard error (SE) given in the tables is a measure of the variability among animals and is based on the statistically independent responses of the nine dogs (degrees of freedom equal eight).
The resistance during vagal stimulation was compared to control level to test the hypothesis that vagal stimulation results in coronary vasodilation. Two-tailed, one-sample t-tests were used to test the statistical significance of the observed differences from 100% of control resistance. The ttest was performed for each of the 12 time periods, always based on nine responses expressed as percent of control. The same procedure was repeated for each of the eight time periods after atropine. The results are given in Figures 3, 4 , and 6. Because it is not certain that the distributional form of the resistance is normal, as required for the t-test, alternate statistical tests were also employed to compare the treatment and control resistances within the nine dogs. The Wilcoxon matched-pairs, signed-rank test (7) Circulation Research, Vol. XXV, November 1969 (the nonparametric analog of the paired t-test) and the paired t-test of the logarithmic resistances gave results very similar to the t-tests reported in Figures 3, 4 , and 6.
Results

VAGAL STIMULATION
During vagal stimulation, aortic pressure fell from a control of 112 mm Hg to 98 mm Hg, while mean circumflex coronary artery blood flow rose from a control of 32 ml/min to 40 ml/ min ( Table 1 ). Figure 1 shows that coronary blood flow increased during both systole and diastole. Heart rate was constantly paced and averaged 152 beats/min. Figure 2 shows the averaged response from nine dogs. Mean circumflex coronary artery resistance fell from 3.9 (mm Hg/m^min-1 to 2.6 (mm Hg/mljmin-1 . With each animal compared to its own control before stimulation, the mean coronary resistance fell to 69% of control. This was a significant decrease (P < .001). The changes in mean resistance are plotted in Figure 3 . The fall in mean resistance shown in Figure 3 clearly indicates that an increase in coronary blood flow results from vagal stimulation. However, mean flow, and hence mean coronary resistance, is partly determined by myocardial systolic squeeze on the coronary vessels. Effects of a 20-second vagal stimulation (30 Hz, 8 v, 2 msec) after atropine, 0.5 mg/kg iv, in a chloralose-anesthetized dog weighing 29.5 kg. Blood pressure and circumflex coronary artery blood flow were essentially unchanged. Heart rate was constantly paced.
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tance fell from a control value of 2.6 (mm Hg/mljmin-1 to 1.5 (mm Hg/m^mirr 1 after 5 seconds of vagal stimulation. With each animal compared to its own control before stimulation, late diastolic resistance fell to 58% of control. This was a significant change (P<.001). The changes in late diastolic resistance are shown in Figure 4 . The fall in late diastolic resistance indicates active coronary vasodilation resulting from vagal stimulation.
ATROPINE
The effects of vagal stimulation were essentially blocked after atropine ( Figures 5  and 6 , Table 2 ). After atropine, strict pacing could not be maintained in all animals in the period just after vagal stimulation, and the averaged data from this period are not presented because they fail to meet the criteria for analysis. The data from animals with good pacing were uninformative, since they showed a hypothetical "recovery" from no effect (Fig. 5) .
The loss of pacing in the period following Late diastolic coronary artery resistance during vagal stimulation after atropine is compared to control before stimulation. The results are expressed in terms of percent of control where the average of the values at 15 seconds, 10 seconds, and 5 seconds before stimulation is taken as control. Each point represents the average of 18 observations in nine dogs (two in each dog). Values given are averages of data obtained before, and during 18 vagal stimulations after the administration of atropine. There were two stimulations in each of nine dogs.
VAGAL CORONARY VASODILATION
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vagal stimulation in animals with atropine was often due to atrial tachycardia or atrial fibrillation. This effect may be related to the tachycardia following vagal stimulation reported by Copen et al. (8) .
Discussion
The determinants of coronary blood flow may be conveniently discussed under four headings: (1) perfusion pressure, (2) myocardial compression of the coronary vascular bed, (3) myocardial oxygen tension and metabolism, (4) direct neural control of the coronary vessels. These variables are interrelated in a complex manner because the heart generates the perfusion pressure for its own circulation. For example, a decrease in the force of cardiac contraction will decrease coronary perfusion pressure but also decrease myocardial systolic squeeze on the coronary bed. An additional complexity is the difficulty of separating the innervation to the myocardium from the innervation to the coronary vessels. 2. Myocardial Compression.-The extent of systolic myocardial compression of the coronary bed is dependent on ventricular pressure and size as shown by Kirk and Honig (9) . The effects of systolic squeeze may be avoided by determining coronary resistance during diastole. This technique has been used by Denison and associates (10) and by Granata and co-workers (11) . As it turned out, the changes in mean resistance and late diastolic resistance were quite similar to each other in this study.
Levy and co-workers have clearly demonstrated the negative inotropic effect of the vagus on the canine left ventricle (12, 13) . This has been confirmed in several laboratories (14) (15) (16) . This effect would decrease mean but not late diastolic resistance. The negative inotropic action of vagal stimulation could compromise conclusions from experiments with fibrillating hearts, since it might decrease myocardial compression of the coronary vessels. The change in coronary blood flow secondary to a negative inotropic effect FEIGL during fibrillation is a moot point which was avoided in the experimental design.
3. Myocardial Oxygen Tension and Metabolism.-A primary determinant of coronary blood flow is myocardial oxygen tension, which is dependent on the balance between myocardial oxygen metabolism and coronary blood flow (17) . The rate of myocardial oxygen metabolism is related to heart rate and myocardial tension (18) and the inotropic state of the myocardium (19) . In an experiment purporting to show coronary vasodilation, myocardial metabolism should be constant or decreasing. In these experiments, heart rate was completely constant, and aortic pressure fell with the negative inotropic effect of vagal stimulation. There is no evidence that cardiac oxygen metabolism would increase under these circumstances, and it very likely decreased. Myocardial oxygen consumption was not measured because it was important to avoid dissection or cannulation of the main coronary artery to prevent damage to the nerves. There is no known mechanism which could explain the observed vasodilation on the basis of a lowering of myocardial oxygen tension by an increased myocardial metabolism.
4. Neural Control.-Coronary vasodilation secondary to the positive chronotropic and inotropic effects of sympathetic stimulation needs to be ruled out. Reflex changes mediated by the sympathetic innervation to the heart were interrupted by removing the right and left stellate ganglia and the left sympathetic chain Ti-T 4 . This type of sympathectomy has been shown to prevent carotid sinus reflex effects on the coronary circulation (20) . The presence of cardiac accelerator fibers in the canine vagosympathetic trunk has been described since 1936 (21) and is well established (22, 23) . Randall and associates have demonstrated that the cervical vagosympathetic trunk contains sympathetic fibers that innervate the ventricular myocardium (5, 6) . Sympathetic chronotropic and inotropic effects of vagosympathetic stimulation are blocked by the beta-receptor-blocking agent propranolol in doses of 0.4 to 0.8 mg/kg iv (5, 6) . The administration of propranolol, 0.5 mg/kg iv, unmasks alpha-receptor coronary vasoconstriction when the stellate ganglion is stimulated (24) . This indicates that the dose of 1.0 mg/kg of propranolol used in the present study is adequate to block vasodilation secondary to sympathetic stimulation. In a preparation with beta-receptor blockade it seems very unlikely that vasodilation subsequently blocked by atropine is due to sympathetic fibers.
The rise in late diastolic coronary resistance with atropine after 5 seconds of vagal stimulation shown in Figure 6 was significant ( P < .001). The data at a single point in time should not be overinterpreted but this is the effect that would be predicted from a few sympathetic fibers in the vagosympathetic trunk, as found by Randall. That is, after propranolol and atropine are administered, coronary vasoconstriction due to stimulation of sympathetic alpha receptors is unmasked.
Sympathetic cholinergic vasodilator innervation comparable to that found in the skeletal muscle vascular bed has been postulated for the coronary circulation (25) (26) (27) . However, when the chronotropic and inotropic effects due to beta-receptor stimulation were blocked, coronary vasoconstriction due to stimulation of alpha receptors was found, and there was no evidence for coronary sympathetic cholinergic innervation (24) . In light of the demonstrated vagal innervation to the coronary circulation and ventricle it would be very contrived to ascribe vasodilation resulting from vagosympathetic trunk stimulation to anything other than vagal parasympathetic fibers.
Early investigators of the vagal control of the coronary circulation failed to control heart rate, so that vagal effects included bradycardia and the attendant changes in aortic pressure, myocardial compression and cardiac metabolism. (For a review of the literature before 1939, see Wiggers [28] .) Modern study of the problem began with the 1939 investigation of Katz and Jochim, who were the first to prevent bradycardia while investigating vagal control of coronary blood flow (29) . They The mixed sympathetic and parasympathetic effects of stimulating the canine vagosympathetic trunk were not ruled out in any previous study except by Dagget et al. (14) , who were the first to use a beta-receptorblocking agent while studying the vagus, but measured mean coronary flow (see above).
A number of investigations since Katz and Jochim's 1939 study failed to demonstrate vagal effects on the coronary circulation. In many of these the coronary artery was cut and cannulated, interrupting the nerves. In others heart rate was uncontrolled so that myocardial metabolism, myocardial compression and aortic pressure were all changing, making the results uninterpretable. For example, the coronary artery was cut and cannulated in the studies of Eckenhoff sinus outflow in paced hearts and failed to find coronary vasodilation, though they did observe a fall in cardiac output which they attributed to a negative inotropic effect.
Thus, in a majority of the negative studies since 1939, there are one or more reservations about the experimental design. The exceptions are the study by Wang et al. in which coronary sinus flow was measured and the two dogs in the study of Schreiner et al. The coronary sinus drains a fraction of the coronary circulation and it is assumed that this is a constant fraction. This may not be true with an inotropic change, since the other fraction is via a complex system of thebesian veins and sinusoids within the myocardium (39).
Vagal stimulation at 30 Hz produces a marked bradycardia that is probably beyond the usual physiological range. While the results clearly indicate that coronary vasodilation can be elicited by vagal stimulation, the extent of reflex regulation by parasympathetic innervation remains to be determined. Reflex vagal depression of the ventricular myocardium has been reported (13) , and carotid sinus reflex sympathetic control of the coronary circulation has been demonstrated (20) .
In conclusion, direct vagal parasympathetic, coronary vasodilation has been demonstrated by stimulating the vagus in dogs. The experimental design accounts for the known determinants of coronary blood flow and shows that the vasodilation is independent of the chronotropic and inotropic actions of the vagus.
